Exotic baryons with charm number ±1 from Skyrme model 



Bin Wu 

Department of Physics, Peking University, 



Beijing 100871, China 



o 
o 

(N 

< 

in 

(N 
> 

(N 
O 

o 

Oh! 



X 



Bo-Qiang MeQ 

CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, China 
Department of Physics, Peking University, Beijing 100871, China 

We illustrate the exotic 5C/(3) baryon sub-multiplets in the SU(4) baryon multiplets predicted 
from the flavor SU{A) collective-coordinate quantization, and investigate the exotic states with 
charm number C = ±1 up to leading order of 1/Nc under chiral SU{3)l x SU{3)r symmetry and 
the heavy quark limit from bound state approach. We find that there exist the 15-plets and 24- 
plets with C = 1 and the 6-plets, 15-plets and 15'-plets with C = — 1 bounded in this approach, 
qualitatively consistent with predictions from the flavor 5'C/(4) collective-coordinate quantization. 
By fitting one unique parameter of leading SU (3) flavor symmetry breaking term with the mass 
difference between He and Ec and up to 0{mQN~^), we give all the average masses of baryons 
in 6-plet and 15-plet. Several general relations of these masses without any parameter are also 
introduced. 

PACS numbers: 12.39.Mk; 12.39.Dc; 12.40.Yx; 14.20.Lq 



I. INTRODUCTION 



Skyrme's soliton picture of nucleons 0] has been suc- 
cessfully extended to the case of three light flavors 
of quarks by directly generalizing collective-coordinate 
method from SU{2) to the SU{3) case 0. And there 
is an alternative approach that hyperons are treated as 
bound states of solitons and K mesons by Callan and 
Klebanov (CK) 0. CK method was first suggested to be 
applicable to charmed or bottomed baryons in 0|. And 
Walliser extended the collective-coordinate method in 
the flavor SU{3) Skyrme model to the general SU{Nf) 
case. However, because the mass of the heavy flavor 
quarks mc,b,t is larger than Aqcd(~ 200 MeV) in con- 
trast with that of the light flavors mu,d,si the physical 
world respects the approximate light flavor SU{Z) chi- 
ral symmetry more reliably. A physical system involving 
both light flavors(w, d, s) and heavy flavors(c, b) has the 
heavy quark flavor symmetry and the heavy quark spin 
symmetry in the heavy quark limit (toq — > oo), as well as 
the chiral symmetry for the light quark system, i.e., the 
dynamics of the system is unchanged under the exchange 
of heavy quark flavors and under arbitrary transforma- 
tions on the spin of the heavy quarks. In this limit, the 
spin of heavy quark Sg is conserved as well as the total 
angular momentum J, thus the spin of light degrees of 
freedom S; = J — Sq is also conserved. Combined with 
these symmetries, the CK approach has been successfully 
extended to describe the static properties of the heavy 
baryons with one charm or bottom quark and 
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FIG. 1: The exotic pentaquark states in the SC/(4) 60-plet 



also been used to chiral SU{3) case [lo| . 

Both the flavor SU{4) collective-coordinate quantiza- 
tion and the bound state approaches predicted the exis- 
tence of charmed baryon multiplets with exotic baryons. 
From the SU{Nf) symmetric collective Hamiltonian 0, 
we can see that the 60-plet with spin 5=1/2 and the 140- 
plets with S'=(3/2,l/2) are the lightest S'[/(4) baryon 
multiplets next to the SU{4) 20-plet with spin 1/2 and 
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20'-plet with spin 3/2 [TH. We illustrate the weights 
of the SU{A) representations 60 = (0, 2, 1) and 140 = 
(2, 1, 1) in Figs, ^andl^l where the minimal quark con- 
tents of the exotic states are also suggested. In the SU (4) 
60-plet, there exists a light flavor SU{3) baryon multi- 
plet 15-plet with C = 1 and = 1/2 and a 6-plet with 
C = -1 and S" = 1/2, while in the S'i7(4) 140-plets, 
there are TS-plets with C = 1 and S' = (3/2,1/2), 24- 
plets with C = 1 and S* = (3/2, 1/2) and 15-plets with 
C = -1 and S = (3/2, 1/2). These SU{3) baryon mul- 
tiplets all contain exotic states with C = ±1. Bound 
state approaches also predicted the existence of heavy 
antiquark states with minimal five-quark configurations 
uuddc and uuddb in the quark language 0, Il3l | 

The main purpose of this paper is to study the exotic 
states with charm number C — ±1 from bound state 
approach in three light flavor case under chiral SU (3)l x 
SU{5)r symmetry and the heavy quark limit. There 
are two approaches to describe heavy baryons as bound 
states of solitons and heavy mesons. In Q, solitons 
are first quantized to produce light baryon states. Then, 
heavy baryons are constructed as bound states of these 
light baryons and heavy mesons with explicit spin and 
isospin. This is different from the approach in 0, 
where heavy-meson-soliton bound states are first found 



and then quantized by the collective coordinate method 
to give baryon states with heavy quarks. In this paper, 
we investigate exotic states with one anti-quark (c) as 
well as those with one heavy quark (c) and compare the 
results with those in Figs. Q and El predicted from the 
flavor SU (4) collective-coordinate quantization, and give 
the mass spectra of the 6-plet and 15-plet. 

The paper is organized as follows. In Sec. II, we 
give both the Lagrangian of a physical system only 
involved with heavy mesons containing one flavor of 
heavy quark and that with their anti-particles. Then, in 
Sec. Ill, we briefly review the approach in i under chiral 
SU{3)l X SU{3)r symmetry and the heavy quark limit, 
and generalize it to describe baryons with one heavy anti- 
quark (c). After that, we study the exotic states with 
C = ±1 by this approach, and calculate the average 
masses of the 0" (uuddc) and Q* {udddc, uuddc, uuudc) 
states, which belong to the 6-plets with 5*; = 1 and 
15-plet with Si = 1 in Figs. ^ and |21 respectively. In 
Sec. V, we quantize the chiral SU (3) symmetric effective 
Lagrangian and give the mass spectra of the 6-plet and 
15-plet baryons. And in Sec. VI, we compare the results 
with those in Figs. ^ and Inland give our conclusion. 



II. THE EFFECTIVE LAGRANGIAN 

We flrst introduce the effective Lagrangian which re- 
spects both chiral symmetry of the light flavors and heavy 
flavor and spin symmetry. The SU (3) symmetric action 
for the light flavor system is of the form 

ii= 4/rf'^Tr(a^i]a^s]t) 

(1) 

where /jr ~ 93 MeV is the observed pion decay constant; 
the second term is the so-called Skyrme quartic term, 
which contains the dimensionless parameter e to stabi- 
lize the solitons; F is the Wess-Zumino-Wittcn term; the 
chiral flelds S(a;) are elements of SU{3). 

The heavy meson field for the ground state Qq^ (0~ 
and 1~) mesons can be represented by a 4 x 4 matrix 
field Ha Hi 

Ha = ^^[P:,r - Pals], (2) 

where Pa and P*^ represent the pseudoscalar (0^) and 
the vector (1^) meson fields respectively, which annihi- 
late the si — 1/2 meson multiplet and move with a four 



velocity ty. However, Pa and P^^ do not create the cor- 

1+/ 

responding antiparticles by the particle projector in 

the heavy quark limit, thus, a new field Ha is introduced 
to describe the antiparticles of the heavy mesons qaQ 0| 

Ha = [P:,j'~Pal5]^^, (3) 

where Pa and P*^ annihilate the antiparticles of the 
si = 1/2 meson multiplet and move with a four veloc- 
ity Vf^. The fields Ha and Ha transform as a (1/2,1/2) 
representation of Sq (8) Si and Si (8) Sq respectively. Under 
SU{2)q ® SU{2)i, Ha{x) and Ha transform as 

Ha ^ SqHaSl (4) 

Ha ^ SlHaS]^, (5) 

where Sq e SU{2)q and Si G SU{2)i. Similarly, under 
the isospin transformation, Ih G SU{2)j, we have 

Ha ^ HblUy (6) 

Ha iHabHb, (7) 

For considering the couplings of heavy mesons to the 
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FIG. 2: The exotic pentaquark states in the 5^/(4) 140-plet 



pseudo-Goldstone bosons, it is convenient to introduce 

e = Vs, (8) 

which under the SU (3) l x 5'[/ {3)r chiral symmetry trans- 
forms as 



with 



(9) 



where J7 is a function of L, R and the chiral field. Then, 
under chiral symmetry. Ha and Ha transform as 



Ha 
Ha 



UabHb- 



(10) 
(11) 



By including allowed terms with one derivation for the 
heavy-meson-light-meson interaction, the Lagrangians 
which respect both chiral symmetry and heavy quark 
spin and flavor symmetry are of the form 



I neavy 

mill 



C = Ci- iv^TriD'^HH) + gTiiH-f'^^sA^H), (12) 
C^Ci- iVf.TiiHD^'H) + gTiiH-f^j^Af^H), (13) 



D^H = H{d^ + V^) = H{d^-V^), (14) 



D^H = {d^ + V^)H, 



where and A,, arc defined as 



(15) 
(16) 



(17) 
(18) 



However, because of the singularity in ^, it is conve- 
nient to redefine Ha as 0] 



H'a — Hb^ha, 

and, similarly, we redefine Hb as 



(19) 



(20) 



4 



Then, the Lagrangians become 



Tr(i/V75St9^Sif'), (21) 



C = Ci- iv^TiiH d^'H') - -WpTr(H E+a^EiJ') 



+ |Tr(iJ 7'^75St5^Si/'). (22) 

Then, under the transformations Q-Q), we have the fol- 
lowing operators from above Lagrangians 

Sfu = I d^xTvi^H'a'^H'l (23) 

S^^ = - J d\Tr{]^' a^H'), (24) 

4=1 d3xTr(iff'A'^-i?'), (25) 

(26) 



where cr* = ize'^''[7-', 7*^], = 1,2,3, and A'' are the 

tree generators of the SU{3) group. 



III. THE FORMULISM FOR HEAVY BARYONS 
FROM BOUND STATE APPROACH 

Under the assumption of maximal symmetry, there ex- 
ists a solitonic solution (with unit baryonic charge) of the 
equation of motion from |^ Q 



I]i(x)= I ^MKr-r)F{r)] ^ 



(27) 







1 



where F{r) is the spherical-symmetric profile of the soli- 
ton with F(0) = TT and F{oo) ~ 0, t are the three Pauli 
matrices, and r is the unit vector in space. The action 
is invariant under the SU(3)l x SU(3)ii transformation. 
However, in order to describe soliton solutions with the 
same vacuum, it is only necessary to deal with those with 
the form: 



I](a;) = A(i)Ei(x)A(i)-\ AgSU{3). 



(28) 



With this assumption, after quantizing Eq. |^ in col- 
lective coordinate A, we will get the SU{3) symmet- 
ric Hamiltonian and from it we can see the lowest 
representations of light solitons (baryons) are the octet 
with Si=l/2, the decuplet with s;=3/2, the anti-decuplet 
with S(=l/2, the 27-plet with s;=3/2,l/2, etc. The light 
baryon wave functions in the collective coordinates A are 



¥^^J,{A) ^ Vdh^)Dl^J,{A), 



(29) 



where (fj.) denotes an irreducible representation of the 
SU(3) group; v and i/' denote {Y,!,!^) and (1, J, — J3) 
quantum numbers collectively; Y is the hypercharge of 
the corresponding light baryons; / and I3 are the isospin 
and its third component respectively; J3 is the third com- 
ponent of spin J; and D^^! (A) are representation matri- 
ces of the SU{3) group. 

Besides the collective coordinate quantized chiral sym- 
metric Hamiltonian. the interaction Hamiltonian of 
Eq. H21|) by semiclassical approximation is 



/ d^xTT{H'-/'^5A\,Am' 



^2gF'{Q)I^HSi^Di% (30) 



and from Eq. 1)22(1 . we have 

^ 3£10) r ^3^Tr(H f75^A,Ati?') 



2gF'(0)45;^I?g', (31) 



with 



and 







IhH = 




S^hH = 


2 




2 ' 




Y^' 



(32) 
(33) 

(34) 
(35) 

where D),-' is the adjoint representation of the SU(3) 
group and defined as 

t 



D^^{A) = lTr{A^X,AXj), 



(36) 



5;*^, S^^ and are the quantum mechanics oper- 
ators corresponding to H23() - (|26|l . We can see that the 
interaction Hj is the negative of Hj, this is because 



and we define 



H'Yj5 = -H'a' 



with 



Vi = 



gF'iO), Hi ^ H'j; 



(37) 
(38) 

(39) 
(40) 



-.9F'(0), Hj = H'j. 
It is convenient to define 

K = Ih + Sih. (41) 
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The allowed bound states with definite total isospin 
and spin of light degrees of freedom are given by 



\Rasim) )k 



dimi? dims; 



Jsu{3) 



xUi{g)\J:o)Ui{g)\Kk'} . 





Sl 






m 





with the constraint 



Y = Y^+Yk = l + Yk, 



(42) 



(43) 



where the isospin projector Ui is the exponential of the 
isospin generators, |So) are the states of a soliton with 
A = 1, \Kk'} are the representations of which de- 
scribe the heavy (anti-)meson states q{q) in this case, 
and H'j and H'j act on the products of jEo) and \Kk} as 

Hi |So) \Kk} = Vi{K^ -if,- Sfj,) |So) \Kk} , (44) 

/ and Y are the isospin and hypercharge of the SU{3) 
state c of the representation R, and Yr- is the hypercharge 
of q{q)-sta.tes with K. For the ground states of heavy 
mesons and their antiparticles, Sih = 1/2 and Ih — 
(0,1/2), Eq. g3J) gives 



baryon multiplets are the lowest two of the light soli- 
tons (baryons). And we have the following direct prod- 
ucts 

8(g)3 = T5©6©3, (0, 1), (48) 

8(g)3 = 15©6©3, s, = (0,l), (49) 

10(8)3 = 24 ©6, s/ = (1,2), (50) 

10(8)3 = 15© 15', Sl = (1,2). (51) 

And we can calculate the binding energy (i?/) for each 
SU{3) heavy baryon multiplets given above. Among 
them, 3 with S = 1/2 and 6 with 5" = (1/2,3/2) give 
the 5/7(3) baryon multiplets in the lowest two SU{A) 
multiplets of 20 dimensions In the follow, we will 
discuss the light flavor SU{3) T5 = (1,2) and 24=(3,1) 
multplets with C = 1 and the SU{3) 6 = (0, 2), 15=(2,1), 
3=(1,0) and 15' = (4,0) multiplets with C = -I. There 
exist exotic states that are different from the predictions 
of the quark model and we will investigate these exotic 
states. First of all, we use this approach to give the av- 
erage masses of &'^{uuddc) and Q*(udddc, uuddc, uuudc) 
in two light flavor case to show the equivalence of the two 
approaches of the bound state method mentioned in the 
introduction. 



Hi = -3V//2, K = 0, 
Hi = 0, 1/2, 
Hi = Vi/2, K=l. 



(45) 



The q-states and g-states transform as the 3 and 3 
representations of the SU (3) group respectively. Under 
the SU{2) X SU{1) subgroup(/yj^), they are decomposed 
as 3 ^ i 1 © 2 and 3 ^ ^ i © 0_ 2 and accordingly we 

2-j 3 2^ 3 

have g-states with {K=Q,1;Yk = - \}, {K = \]Yk = §} 
and g-states with {i^=0,l;YR- = i}, {K ~ \;Yk = — §}• 
Thus, the allowed S'C/(3) representations for a baryon- 
heavy- meson bound states with spin si, isospin / and 
hypercharge Y are those satisfying Q 



(a) I = su Y 

(b) l<Zl®si, Y 

(c) \(ll®si, Y 



(46) 



and baryon-anti-heavy-meson bound states should satisfy 



(a) / = s;, 
(6) lC/(8)sz, 
(c) ic/(8s,. 



Y^l 



(47) 



IV. THE EXOTIC STATES WITH C = ±1 

The bound states of light solitons and the g(q)-statcs 
can give us the heavy baryon(bound states) states. 
We have mentioned that 8 = (1, 1) and 10 = (3, 0) 



A. The Average Mass of 6" and 9^ 



In the SU{2) case, from the product N ( 
have the follow states \Isi) 



> q states, we 



00; i), Hi = 3/2gF'{0y, 

01; i), Hi = -l/2gF'i0y, 

10; i), Hi = -l/2gF'i0y, 

11; i), Hi = 3/2gF'{0),-l/2gF'{0). 



(52) 



We first discuss one state, |01), which describes the 
baryons with the minimal quark content \uuddc) and 
charm number -1. However, it can give both exotic 
baryons with 5 = 3/2 and those with S = 1/2 by the 
heavy quark spin symmetry, thus, we use Gj? and 0^* 
denoting the state with 5=1/2 and 5 = 3/2 respec- 
tively and define mgo = (ArriQO*^ + 2mQo)/6. There is 
only one parameter gF'{0) and by fitting the Ac mass, 
we have gF'{0) = 419 MeV 0. This imphes 

meo =mN + mH - gF'{0)/2 = 2704 MeV, (53) 

where niH = (3m/)* + m£i)/4 = 1973 MeV. To estimate 
the average mass of 9* with (/ = 1, s; = 1), we have to 
include the state |ll; |) from direct product A (g) g, and 
the matrix of interaction hamiltonian between this two 
states is 



Hr = 



gF'io) 



1 ^V2\ 
4x/2 5 / 




AM 



(54) 
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where AM is the mass difference between N and A 0. 
Then, we get an exotic bound state with Hj = — + 
iAM and the average mass is 



me; =m7v + TOff-ffF'(0)/2 + -AA/ = 2802 MeV. (55) 



The results above are the same as those in Ref. 
which indicates the equivalence of the two approaches. 



24 

si -- 

si -- 
6 

si -~ 



1, {K = 0,l}, Hi = 
{K 



{K 
{K 
{K 
{K 



0, {K 
{K 

si^l, {K 
{K 



2,3}' Hi 



1,1}, Hi 
0,|}, Hi 
Hi 

1,3}, Hi 



0,|}, Hi 
1,3}, ^^^7 



-3/25^^'(0); 
0; 

l/2gF'(0); 

-3/25i^'(0); 

0; 

l/2gF'(0); 

3/2gF'(0); 

0; 

0; 

-i/25^'(0); 



(64) 



B. The Light Flavor 5C/(3) Exotic Baryon 
Multiplets 

In H48(l - H51(l . exotic heavy baryon multiplets of the 
SU{i) representations are 



15 

Si = 0, {K 



{K 



1 1 



2,3}, Hi 
1,1}, Hi 



0; 



15 =(1,2), 24 =(3,1), 
15= (2,1), 6= (0,2), 
3 = (1,0), 15' = (4,0), 



(56) 



which under the SU{2) x SU{1) subgroup decompose as 



Si = l, {K 
{K 
{K 

si^2, {K 
{K 



0, |}, Hi 

1, |}, Hi 
2,3}, Hi 
1,|}, Hi 
5,3}' Hi 



3/2gF'(0); 

-l/^gF'iO)- 

0; 

-l/25i^'(0); 
0; 



15 
24 

15 
6 
3 

15' 



1 

2f 
3 

ei_^ 
1 

2-f 
Oi © 



© O2 © li 



3 1 

1 3 

2-i® 2-i 



©1_ 
©0_ 



1 

2-1' 



1 

2i 



©0_2, 

3 

3 

^2i® 



1 

2-4 



(57) 

(58) 
(59) 
(60) 
(61) 
(62) 



According to (|46|) and (|47|l . there are the following 
allowed exotic states denoted by {K, Y} 



15 

s/=0, {A' = 0,|}, i/j = -3/2.9^^'(0); 

{/i =i,|}, Hi = 0: 

{K = 1, |}, Hi = l/2gF'(0); 

s/ = l, {if = 0,f}, Hi = -i/2gF'{0)- 



(63) 



{if=i,|}, if/ = 0; 
{K = l,|}, Hi = l/2gF'{0)- 



s/ = 0, {i^ 
s/ = l, {i^ 



|, |}, ^/ = 0; 

2, 3}, = 0; 



1- 1-} 

2'|1 



15' 

s/ = l, {K 
{K 

s, = 2, {i^ = 0,|}, i77 = 
{K 
{K 



Hi 

1,3}, 



= 0: 



5,|}, ^/ 
1,3}, Hi 



-l/2gF'{Q)- 

3/2gF'(0); 

0; 

-l/25^'(0). 



(65) 



V. COLLECTIVE COORDINATION 
QUANTIZATION 

In Sec. IV, we see that C = ±1 bound states are de- 
generated in mass respectively. To obtain physical heavy 
baryons states with correct spin and isospin, we have to 
calculate up to 1/Nc order still in the heavy quark limits, 
i.e., 0(m^iV~^). Substituting the hedgehog Ansatz 
into (UZj) and ijTHl), we get 



V 



A = 



I \: (T X r) 



1 y 
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and from (|21|l and (0, we get 

Vci = g j cPxTiiHj^5 ■ AH), (66) 
Vci = g f cPxTt{H^-/5-AH). (67) 



To evaluate VJ and Vd, we first find the classical ap- 
proximation to the wave functions of heavy mesons with 
the general form 



H = H = 



^<j}±{T ■Y)xh{r) 




(68) 



where <f)± are the two eigenstates of the isospin of heavy 
mesons, the explicit formulae of x &re defined in [l^ . and 
the radio functions h{r) of the lowest energy eigenstate 
can be approximated by delta function, which is normal- 
ized j r'^\h{r)\'^dr = 1. Accordingly. H is normalized as 



(69) 



In H28(l . we introduce the collective coordinate A{t), and 
the heavy meson fields transform simultaneously as 



H = HbfA{t)+,H ^A{t)Hbf, 



(70) 



where Hf,f is the heavy meson field in the isospin body- 
fixed frame. Then, we obtain the Lagrangians as 



L = ~Md-Vci-i 



3 

J ^ a=l 

(71) 



NcB s 



f)=4 



L = -Mci -Vci -I / d^xTr{HbfdoHbf) + ^ lu'^lu'' 



6=4 



c=l 



2^/3 



(72) 



where Md is the classical soliton mass, and Ik are mo- 
ments of inertia 0, uj"" are defined by A'^dgA — iiw^A" 
and and are the rotation operator of heavy mesons 
on the flavor SU (3) group in the body fixed frame, de- 
fined as 

Ibf d^x[Hbf{^y^o + ior^'^lWbfl (73) 



ISj - - y d^Hbf (C^r'^eo + ^or''a)Hbf] ■ (74) 
By defining the canonical momenta conjugate to a;° as 



Ra = —j^, we get the Hamiltonians 



H = Md + Vcl + —Y,{Ra+ISff 

a— 1 



+ ^E(^^+^^V^ 

^ fc=4 



(75) 



^ 1 3 ^ 
H = Md + Vd + —J2iRa+ISf) 



1 



+ —l^iRb+l'bff, 



2Ik 



(76) 



fc=4 



and -^Rs ~ I' t respectively. Due to the embedding of 
SU{2) heavy meson wave functions into SU{3) (|68() . 

and /^j with a = 4, 5, 6, 7 are zero and the mass formulae 
are as follow 

M = Md + VrJ + ^C2{SU{Z)) + i(f - ^)jsoi(jsoi + 1) 



1 

27^ 



-i?o 



1 

27;' 



(I2 +R.I,^), 



(77) 



where C2(5t/(3) = l/3(p2 + + pq) + {p + 5), {p,q) 
denotes an irreducible representation of the SU(3) group, 
jsoi are the angular momenta of soliton, and the last two 
terms reduce to SU{2) case in Ref.Q- And due to the the 
spin-grand-spin transmutation j^, we have si = jsoi + K- 
Accordingly, the wave functions are 

^i^J,{A) = VdIi^^41,^^„^.^„,_^.^^,3(A), (78) 

with the constraints that = 2/3,4/3 respectively for 
C = ±1. Then, these constraints mean 6-plet with jsoi = 
0, 15-plet with jgoi = 1, 15-plet with jsoi — (0,1), and 
24-plet with jsoi = (1,2). To get the mass splitting by 
strange quark mass, we have to take into consideration 
the following terms 

LsB = J d^xTv[aiH{Cm+C + C^mgC^)H 
+ a[HaHa{Y.^m+ + m,S) - A(Stm+ + m,S)], (79) 

with 



(80) 



where fh = 2ms/(TO„ -I- md) and the difference between 
m„ and is neglected. For both C = ±, the symme- 
try breaking hamiltonians are the same, and due to the 
orthogonality of Hbf, the first two terms in H79(l give the 
same term as the last after evaluating Hbf, and omitting 
the constant terms, we haveH 



HsB^T{\-Df^), 



(81) 



8 



where we use r to denote all other parameters. Up 
to now, we can use perturbation theory to calculate 
the mass splitting, the results of the 6-plet and 15-plet 
baryons are shown in table 1, where the input masses of 
6° and 6* are the results in Sec. IV, and the Clebsch- 
Gordan coefficients are listed in Appendix. To fix the pa- 
rameter T, we calculate the mass splitting between Sc and 
Ec, whose experimental value is Am = ms.^ — rri^^ = 89 
MeV on the average of the degrees of freedom of spin. 
From the symmetry breaking hamiltonian, we can get 
the splitting Am = 3/20t, and, thus, we can estimate 
the masses of all the 6-plet and 15-plet baryons as shown 
in Table 1 and give the following mass relations 

TOs_ - mAr_ = TOjv^ - meo = 2(toh^ - m^J; (82) 



ms* -I- rriQ. = 771a- -I- m^f. ; (83) 

ms- -I- me* = m/\- ~\- ; (84) 

ms*-me; = 2(rnA- -ruN^)] (85) 

msi — mej = 2{rn-E^ — rn\-); (86) 

toa- + toh^ = 2rn^*. (87) 



Table 1. Masses of the 6-plct and 15- plot baryons 



Baryon States 


Hsf) 


(Hsb) 


M (Mev) 




0(1+) 




2704 


N- 


i(i+) 




2882 




1(1+) 




3060 


et 


i((i+) 


f; 


2802 


A^ 


1(1+) 

1(1+) 
1(1+) 


3049 


s* 


Ir 

6 


2901 
3099 


Ac 


0(1+) 


T 


3000 




^(1+) 


!^ 


3148 



VI. SUMMARY AND DISCUSSION 



also predicted the existence of 0^ and 0* with nega- 
tive parity. Calculations in the light flavor SU{3) case 
show that there exist 15-plets and 24-plets with C — 1 
and 6-plet and 15-plets with C = —1 bounded in the 
bound state approach, qualitatively consistent with the 
results in Figs.^andEl However, in this approach SU (3) 
baryon multiplets 6-plet with 5' = 3/2 and 15'-plets with 
S = (1/2, 3/2), (3/2, 5/2) are also bounded. We find that 
these bounded states with C = 1 and those with C = — 1 
have equal binding energy respectively, this is because 
l|5n)l and are only up to the leading order of l/Nc- 
Then, we quantize the chiral SU{3) Lagrangians and 
calculate the splitting masses of the 6-plet and 15-plet 
baryons and give some relations between them, which 
may be of greater significance qualitatively than quan- 
titatively because in the case of SU{S) chiral symmetry 
with only light baryons, such a way to deal with symme- 
try breaking term does not agree with experiments very 
well [13. 

In summary, both bound state approaches and the gen- 
eralized SU{Nf) collective-coordinate quantization ap- 
proach give us exotic baryon states with C — ±1, and 
the search of 0° are expected further to verify the val- 
idation of the generalization of soliton picture to study 
exotic baryon states. 
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APPENDIX: The Clebsch-Gordan Coefficients used 
in the paper 



In this paper, we first illustrate the SU (3) exotic 
baryon multiplets as the sub- multiplets of SU{A) baryon 
multiplets predicted from the generalized flavor SU (4) 
collective-coordinate quantization in FigsQandlJl Then, 
we generalize the approach in to heavy baryons with 
anti-charm quark, and calculate the average masses of the 
states 0° and Q* in the light flavor SU{2) case and inves- 
tigate the binding energy of the heavy baryon multiplets 
with exotic states up to leading order of 1 /Nc under the 
light flavor SU{3) symmetry and the heavy quark limit. 
Then, by collective coordinate quantization, we give the 
mass spectra of the 6-plct and 15-plet baryons. In the 
light flavor SU (2) case, we calculate the average masses 
of 9^ and 6*, which are estimated to be 2704 MeV and 
2802 MeV respectively, and in the picture of the light fla- 
vor SU (3) symmetry, the 6° and 9* states belong to the 
6-plets and 15-plet with S = (1/2,3/2). These masses 
are the same as that in |l3j . but in that approach they 



Because the Clebsch-Gordan coefficients used in this 
paper are seldom used in physics before, we list the 
Clebsch-Gordan Coefficients in this appendix. To be con- 
venient, we define 

where /i^^^ denote the eigenstates of the representation /i 
contained in the direct sum of ni and /i2, whose engin- 
states are Aii(^j) and ^'2(1/2) respectively, A is used to dis- 
tinguish identical but independent representations which 
are all contained in /ii (8) /i2, 1^,1^1 and U2 denote quan- 
tum number {YII3) collectively, and are 

the SU{3) Clebsch-Gordan coefhcients. For the product 
6C3)8 = 3©6©15© 24, we give the decomposition of 6 
as follows 



9 



6(4,0 



(1,0,0) 



6(-i 1 1) 



6(1 1 _1) 



^(-§,1,1) 



^(-§,1,0) 



3 
3 

lb 

3 



6(4 0^0)8(0,0,0) 

6( 
6, 



6|'l 1 l~l8|'i i _i^ 
V3'2'2/ V-L,2' 2' 



10 >.3'2'2 

"3 



^^(i, 1,1)8(0,0,0) + \/j6(i_i__i)8(o,i,i) 



20 '■3.2.-2J 



— 6/ inn'iOi' ii l^ — M — y>( 111 

10 '■3'O.OJ (.-J-,2.-2) y 20 '•3'2'2 



|j6(_2_io)8(i,i,_i) 
' — 6|'i 1 1 ^8^_1 i i\ 



->(--- 

10 ^3'2^2 

3"^ 



^6(l,l^l)5(_i,l^_l) 

'^6(_2_i _i)8(o,i,i), 
3"^ 



— 6(1 1 _i)5(_i 1 _l^ 

10 ',3'2' 2,* ^'2' 2 I 



^"(i,i,i)°(0,l,0) 

2lj'^(-|.i^o)»(i,i,i)' 

3~_ [T- /~3~- 

6(ii^)^(o,i,-i) + V ^6(i,i,„i)8(o,o,o) + \/^6(i^i,_i)8(o,i,o) 



40 >.3'2'-2,l 



llJ*^(-il>-l)*(l^i^)' 
3~_ Fi'- 

Y^6(_2 11)8(0,1,0) - \l —6(_ 21 1)8(0,0,0) + VT^6(_ 21 0)8(0,1,1), 



10 



— 61-1 1 i-|8|' 1 1 i\ 

20 '^l.-'2'~2l K-^^2'2l 



^6(_2i 1)8(0,1,-1) 



'Y^6(_2 i 0)8(0,0,0) 



3- /3- /l- 

-^6(_2 i_o)8(o,i,-i) + \/— 6(_2_i _i)8(o,i,o) - y-^6(-f,i.-i)^(o.O'0)- 



10 



Similarly, in the product 15 (g) 8 = 42 © 24 ® 15' ® 15^^^ © 15^^^ © 6 © 3, the representations 15^^^ and 15^^) are given 



/2T 
14 
3x/T4 



3V42^ 



^4-15(4, 1,1)8(0,1,0) + —15(1,1,1)8(0,0,0) - ^15(|, 1.0)8(0,1,1) " ^^^15(i,3,3)8(i, 



15/1 3 i)8fi 1 1), 

V3'2'2-' V-L52'2/ 



28 

/2T ^/^ 

Y^15(|, 1,1)8(0, 1,-1) + —15(4,1,0)8(0,0,0) 



14 



15 



(4,i,-i)»(o,i,i) 



3^7 
IT 



15ri 3 i\8|'i i _i\ 



3^/7 



--;-15/i 3 _i)8fi 1 i\ 
24 V 3 : 2 ! 2 / 2 > 2 ^ 



3V14 



15(4,1,0)8(0,1,-1) - ^15(4,i,_i)8(o,i,o) + — 15(4,1, _i)8(o,o,o) - ^^^15(i,|,„ i)0(i, 1 ,_ i) 



14 



3V42 ^/2T 5\/7 714 

^8-15(1, i,i)8(-i,i,i) - —15(1,1,3)8(0,1,0) - ^15(1,11)8(0,0,0) + ^15(i ,|, i)8(o,i,i) 

— 15(^.^4)8(0,1,1) + ^15(_|, 1.1)8(1,1,1), 

3714 3^/7 

^^15(|,i,i)8(_i,i._i) + 



-15 



14. 



15 



14 28 ^'(4'i'i) (O'l'-i) 84 

5^7 742 742 72T 

— 15(1,1,1)8(0,0,0) - ^15(1,1,1)8(0,1,0) + ^15(i,|,_i)8(o,i,i) - — 15(i , 1 i)8(o,i,i) 

77 



15/1 3 i\ 

V 3 ' 2 ' 2 / 



(0,1,0) 



^15(-|,i,i)8(i,i,_i) 
377 



14 



15r 



14 
3742 

28 
577 

28 
77, 



14 ^J(-§,i,o)°(i,i,i)' 
/42 

15, _ 

^ 3 ' 2 ' 



Y4-^='(|,i,o)«(-i.i,-i) - ^ 

„ 577 
^15(1,3 .1)8(0,1,0)-^ 

14_ „ 77 

— iO(-§,l,-l)»(l,i,i) 

714 

2 -"iJ 



21 

42 



15 



(|,i,i)8(o,i,-i) + 



3714 
28~ 
14^ 
28" 



15 



(|,i.-i)°(-i. 



15a, 1,-1)8(0,0,0) - ^15(i,i,_i)8(o,i,o) + — 15(i ,3 _|)8(o,i,i) 
4^15r 



1)8(0,0,0) 



14 
42 



15^1 3 _i^ 
15(_2 1__;^)<5(;^_1 _1, 



77, 



15(4,i,_i)8(„i,i,_i) - — 15(i,3,„i)8(o,i,_i) - — 15(i,i,_i)8(o,i,_i) + — 15(i,3,_3 



/21 

21 i^(i.|.-4)°(o.i'i) 



14 



21 



^)»(o,i,i) 



7 

42 



15(-|,i,i)8(i,i,_i) 



15(1,1,1)8(0,1,-1) + —15(2, 1,1)8(0,1,-1) - — 



7 

2T_ 



15 



(-i,l,0)»(l,i,i). 



15(i,i,-i)»(o,i,o) 21 



15/1 1 _i\ 
V 3 ' 2 ' 2) 



'(0,1,0) 



21 ^3'i'2J 1-"'-^'--^^ ■ 21 

\/7 \/7 ■\/T ■x/T^ 

— 15(1, 1,-1)8(0,0,0) + — 15(i,3,_3)8(o,i,i) - —15(_2, 1,0)8(1, i,_i) + — 15(_2,i,_i)8(i, 1 , i), 

/2T_ „ 77_ „ 7T4_ „ 72T_ 

U 



15/1 3 3\8/_i i _i\ 

V3'2'2-' V -^'2' 2 > 



-15/1 3 1^8/1 1 1\ 
V3'2'2-' V -^'2'2' 



7 



15(1 1 i)8f_i 11) — - 

V3'2'2/ V -^'2^2'' 14 



14 
77 

^15(-|, 1,1)8(0,0,0) + ^15(-|, 1,0)8(0,1,1) - ^T;rl5(-|,o.o)8(o,i,i) + 



15(-§, 1,1)8(0, 1,0) 



14 



14 



14 



15 



I, 2 I \'->2 - 21 



11 



14 
728 
"28" 
^42 
"28" 
728 
"28" 
\/2T 
~\A 
\/42 

"TF 

\/42 

"TF 

v/2T 



15ri 3_i)8(_i^i._i5 



14 



14 



V 3 ' 2 ' 2 



-|a,oO{o,o,o) 



14 



15(^2,0.0)8(0,1,0) 



28 



-Y4-15(_|, 1,1)8(0,1,-1), 



)8(_i.^.^) H z-15^i i _i^O/_1 1 1 

15, 5 11 



V7 



77 

42 _ „ 721 

(~ 3 ^ 2 ^ 2 



V3'2'2^ V -^'2' 2^ 



15, 



1)8(0,1,1) 



14 



i 3 i _i\ H — 15,1 1 _i 

3'2' 2 ' V -^'2' 2-' 



7 

21 _ 



(•1 1 _ilO,_i 1 _i\ — 

3 • 2 ' 2> y '-■2' 2> 24 



15(_|, 1,0)8(0,1,-1) 



42 



15 



(-§,0,0)0(0,1,-1) 



15 



28. 



(-§,1,-1)0(0,1,0) - 

7"^ 



14 

742 77 
1,1,1)8(0,1,-1) j^l5(_2_i 0)8(0,1,0) + — 15(-|,o,o))8(o,o,o) 

/2T 



14 



14 

L 

15, _5 1 ii8,i i 

3'2'2'' V '2' 2, 



15(-|,i,-i)8(o,o,o) + -^15(-|,i,-i)8(i,i,_i), 



-§,1,-1)8(0,1,1) + 



_ _ , 1 _i-i8/-i 1 In 

^ 3'2' 2) V-L'2'2'' 



15 



28 



15 



(-§,i.o)8(-i,i,i) + 



14 

77 3742 
^15(-|,i,i)8(o,o,o) + ^^15(_|, 1,-1)8(0,1,1), 

742 



14 



15 



(-§,0,0)O(-l,i,i) 



3721 
28 



^15(-§,i,o)°(-i 
372T 



1 l^ i 

2'-2) 14 



15 



(-2,0,0)O(-l,i,-i) 



14 



15(-§,i,-i)8(-i,i,i) 



3742 

— 15c 5 1 1 

28 (-3-'2'2 



28 



15(-i^.-^)^(o.i^o) 



28 



l^(-|,i-^)^(o.o,o)- 



4%/^ 2'\/2T 4 ■x/T "x/l^ 

-2^15(4_i 1)8(0,1,0) 2]~^^(^^i'i)^^°'°'°) ~ ^]~15(4 10)8(0,1,1) + — 15(i |j)8(i 1 _i) 

742 



-15, 1 3 1 18,1 1 1 1 + 

63 (3'2^2) (1.2>2) 

477 

742 



— 15,1 1 i\8,i 1 i\, 

9 (.3'2'2) (1'2'2)' 



15 



(§,1,1)0(0,1,-1) 



^15(§,i,i)8(i,i,-i)--^xo( 
4^1^ s 477 

-^J-a(§,l,0)»(0,l,-l) - ^^iS(4_i _i)8(o,i,o) 

/2T_ . 7l4 



^15 
21 

272T 



477, 



2721 



(§,1,0)0(0,0,0) - ^15(4,i,_i)8(o,i,i) + -^15(i,3_i)8(i,i,_i) 



3 ' 2 ■ 2> 



i + 



42 



272T 



15,1 1 -1)8,1 i ill 

V3'2! 2 1 \'->2-2> 



21 



15 



(§,1,-1)8(0,0,0) + 



63 



15,1 3 _i';8,1 i 

V3'2' 2 > v-^'2' 2 ' 



15,1 1 l-|8,i 1 I1 

9 y3'2^^2> \^-2^^2) 



14 



21 
2T 



15(|,i,i)8(-i,i,i) + 



21 
577 

"2r 



15,1 3 -SsSfi 1 1), 

V3'2' 2 1 \'-^2'2> 



15 



(if,i)°(o.i'0) 



21 



15 



(§,§,1)0(0,0,0) 



5742 

63 



15 



477 

63 15(§, 1,1)8(0,1,1) + —15(_2 1^1)8(1,1,1), 



15 



2721 



(§,1,1)0(-1,1,-1) - 

14 



63 
72T 

^15(1,3 1)8(0,0,0)--^ ,3,5,5 

472T 4742 
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15(1 1 1 



)8(o,i,o) 



5742. 
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107l4 
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63 



15,1 3 _i 

V 3 ' 2 ' 2 



1,1) 



y 3 



1,1) 



15(-§,i,o)8(i,i,i), 



12 



2V2T 



63 
5^7 



63 



-15(|4,o)8(-i,i.-i) + g3 
/2T 



10V14 



15 



4V42^^ c , 4\/2T 
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^ 15 



V7 
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2\/T4 



42 
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15 
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63 



15(i, 1, 1)8(0,1,0) 
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25V14 



252 y3'2'2' 
^^15, 



63 



V7 25^14 
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42 
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